Abstract-A scanning and transmission electron microscope study of aluminosilicate glasses within melt inclusions from the Martian meteorite Nakhla shows that they have been replaced by berthierine, an aluminum-iron serpentine mineral. This alteration reaction was mediated by liquid water that gained access to the glasses along fractures within enclosing augite and olivine grains. Water/rock ratios were low, and the aqueous solutions were circumneutral and reducing. They introduced magnesium and iron that were sourced from the dissolution of olivine, and exported alkalis. Berthierine was identified using X-ray microanalysis and electron diffraction. It is restricted in its occurrence to parts of the melt inclusions that were formerly glass, thus showing that under the ambient physico-chemical conditions, the mobility of aluminum and silicon were low. This discovery of serpentine adds to the suite of postmagmatic hydrous silicates in Nakhla that include saponite and opal-A. Such a variety of secondary silicates indicates that during aqueous alteration compositionally distinct microenvironments developed on sub-millimeter length scales. The scarcity of berthierine in Nakhla is consistent with results from orbital remote sensing of the Martian crust showing very low abundances of aluminum-rich phyllosilicates.
INTRODUCTION
Meteorites from Mars are a unique and powerful source of information on the planet's geological history (e.g., McSween 1985 McSween , 1994 Treiman 2005; Velbel 2012 ). These rocks are of particular current interest owing to the insights that they can provide into the presence, longevity, and properties of liquid water in the Martian crust. The former occurrence of water can be revealed by etch pits in minerals including olivine (Velbel 2012; Lee et al. 2013; Tomkinson et al. 2013; Velbel 2016) . Martian water can also be studied directly because it is contained within hydrous and nominally anhydrous primary (i.e., magmatic) components (e.g., apatite, amphibole, olivine, glass), shock-formed glasses, and aqueous alteration products (e.g., phyllosilicates) (Watson et al. 1994; Leshin et al. 1996; Boctor et al. 2003; Usui et al. 2012 Usui et al. , 2015 Hallis et al. 2012a Hallis et al. , 2012b Hu et al. 2014) . The provenance of this water can be investigated using the deuterium/hydrogen (D/H) system (Watson et al. 1994; Leshin et al. 1996) . Results of such work have shown that the magmatic components contain water with either a low D/H mantle signature, or with higher D/H ratios indicating isotopic equilibration with the D-rich Martian atmosphere (Usui et al. 2012 (Usui et al. , 2015 Hallis et al. 2012b ). The products of aqueous alteration have atmospheric D/H values (Leshin et al. 1996; Hallis et al. 2012a) .
The identity and diversity of aqueous alteration products in the Martian meteorites can give further insights into the nature of the interaction of groundwater with crustal rocks. These secondary components are most abundant in the nakhlite meteorites where they include hydrous silicates, carbonates, oxides and hydroxides, halides, and sulfates (Ashworth and Hutchison 1975; Bunch and Reid 1975; Gooding et al. 1991; Treiman 1993; Bridges and Grady 2000; Velbel 2012 ). Here, we have studied silicates, which are the volumetrically dominant alteration products and so they can be used most effectively to explore the nature and properties of the groundwater system (e.g., length scale, longevity, chemistry). We have focused on the Nakhla meteorite because early work concluded that it has a low diversity of secondary hydrous silicates (Ashworth and Hutchison 1975; Gooding et al. 1991) , thus suggesting that the water was compositionally homogeneous. Subsequent research has, however, identified opal-A (Lee et al. 2015a) , and a complex saponite-rich structure (Chatzitheodoridis et al. 2014) , thus suggesting a more heterogeneous aqueous system. We have built on these recent findings by seeking other alteration products, and our search has concentrated on melt inclusion glasses within olivine phenocrysts. As they are chemically distinct from the ferromagnesian silicate minerals that are the most abundant constituents of Nakhla, we hypothesize that the interaction of these glasses with liquid water moving through their parent rock could produce minerals that have not been previously recorded from this meteorite.
Results of our work demonstrate that glass in some of these inclusions has been altered to berthierine, an AlFe-serpentine mineral. As it is the first description of this phyllosilicate mineral from Nakhla, these results can provide fresh insights into the nature of water-rock interaction in the Martian crust.
MATERIALS AND METHODS
Nakhla fell near to the village of El Nakhla El Baharia, Egypt, in 1911 (Prior 1912) . Two samples of this meteorite were studied, both of which were loaned by the Natural History Museum, London: BM1911,369, p.7963 (a glass-mounted wafer 60 lm in thickness), and BM1913,26, no. 2 (a polished block). They are hereafter referred to as BM1911 and BM1913, respectively.
After being coated with a~10 nm layer of carbon, these samples were studied using two field-emission SEMs at the University of Glasgow, both operated at 20 kV: a FEI Quanta 200F and a Zeiss Sigma. These microscopes are equipped with silicon-drift energydispersive X-ray (EDX) detectors. The Quanta operates through an EDAX Genesis microanalysis system and the Zeiss through an Oxford Instruments Aztec system. Both SEMs were used for qualitative X-ray microanalysis and the acquisition of backscattered electron (BSE) images, whose contrast relates mainly to spatial variations in mean atomic number, Z. Two SEMs were used for quantitative chemical analysis by EDX: the Zeiss Sigma, and a JEOL JSM-6310 at the University of Graz. The Zeiss was operated at 20 kV/ 2 nA, with the electron beam rastered over an area of 2 9 2 lm, and spectra were acquired for 60 s.
Calibration used the following mineral standards: jadeite (Na), periclase (Mg), corundum (Al), rhodonite (Si, Mn), orthoclase (K), diopside (Ca), rutile (Ti), chromite (Cr), and garnet (Fe). Typical detection limits were as follows (in wt% element): Na (0.04), Mg (0.05), Al (0.06), Si (0.07), K (0.08), Ca, Ti (0.12), Cr, Mn (0.14), Fe (0.18). The JEOL JSM-6310 was operated at 15 kV with a spot size of~1 lm. Spectra were collected for 100 s, and quantified using an Oxford Instruments system. Internal laboratory standards were used to configure the instrument for quantitative analyses, and standardization was performed on the same day and prior to acquisition of X-ray spectra. In order to preserve material for later studies, transmission electron microscopy (TEM) work was undertaken only on BM1911. Two foils were cut and extracted from one of its melt inclusions using a FEI Nanolab dual beam focused ion beam (FIB) instrument and following the procedure of Lee et al. (2003) . Both foils were 11 9 5 9 0.1 lm in size. Bright-field images, high-resolution images, and selected area electron diffraction (SAED) patterns were acquired from these foils using a FEI T20 TEM operated at 200 kV. Quantitative chemical analyses were obtained by scanning TEM (STEM) using a JEOL ARM200F that was operated at 200 keV/~180 pA. Chemical analyses were acquired in STEM mode and using a Bruker 60 mm 2 SDDEDX spectrometer. The electron beam was rastered over an area of~100 by 100 nm for a live time of 30 s. EDX spectra were quantified using Bruker software and following a standardless Cliff-Lorimer procedure.
RESULTS

Petrographic Context of the Melt Inclusions
Nakhla is a cumulate olivine clinopyroxenite. It crystallized at~1.33 Ga (Swindle and Olson 2004) in a shallow lava flow or sill (Friedman-Lentz et al. 1999) . Needham et al. (2013) determined that this meteorite has a modal mineralogy of 79.4 vol% pyroxene (mainly augite), 9.5 vol% olivine, and 11.1 vol% mesostasis (the mesostasis is dominated by laths of plagioclase feldspar and titanomagnetite crystals; Treiman 2005) . Nakhla also hosts~1 wt% of aqueous alteration products that occur mainly in olivine grains, and rarely within augite crystals and the mesostasis (Ashworth and Hutchison 1975; Bunch and Reid 1975; Lee et al. 2013 Lee et al. , 2015a . These secondary components, which include opal-A and saponite, contain the majority of Nakhla's 0.11-0.13 wt% water (Karlsson et al. 1992; Leshin et al. 1996) . The melt inclusions studied here have originated from the trapping of small volumes of magma during the growth of olivine crystals (Harvey and McSween 1992; Treiman 1993; Goodrich et al. 2013 ). Harvey and McSween (1992) recognized two varieties of melt inclusion, termed "vitrophyric" and "monocrystalline." The former are characterized by radiating sprays of acicular augite crystals, whereas monocrystalline inclusions are dominated by a single subrounded augite grain that may have a "meniscus" of silica-rich glass; finely crystalline daughter minerals can also be present within the glass. The BM1911 and BM1913 samples each contain one altered monocrystalline melt inclusion, and both inclusions have been studied here. Comparisons are also made with aqueously altered vitrophyric inclusions that were described from Nakhla by Goodrich et al. (2013) .
Alteration Products within Olivine-Hosted Melt Inclusions
The BM1911 melt inclusion comprises two augite crystals, between which is a Na-and K-bearing aluminosilicate glass. One of the augite crystals is also partially enclosed by a glass meniscus (Fig. 1a) . The BM1911 glass is similar in chemical composition to glasses that have been previously described from Nakhla melt inclusions (Table 1) . The meniscus contains three patches of alteration products, the largest of which is 10 lm in size . A hairline fracture is present within augite abutting each of the patches (Fig. 1a) . BSE images show that the patches are composed of a very fine-grained and relatively low Z material that encloses higher-Z laths that are~0.5 lm in thickness and a maximum of~8 lm in length. These laths occur together as radiating sprays or as bundles of parallel crystals . The BM1913 melt inclusion comprises a single crystal of augite. On one side of this crystal is a meniscus of Na-and K-bearing aluminosilicate glass (Fig. 2a) , which is again similar in composition to other Nakhla glasses (Table 1) . It contains 2-6 lm size euhedral crystals of apatite (Fig. 2a) together with four veins and four patches of alteration products (Figs. 2a-c) . The patches are hemispherical or bulbous in shape, 1-3 lm in diameter, and decorate the contact between augite and glass (Figs. 2b and 2c) . The veins contain relatively high Z laths that are comparable in size and shape to those in the BM1911 melt inclusion (Fig. 2d) . All of the glass-hosted veins and patches are connected to veins in the surrounding augite and olivine grains (Figs. 2a-c) .
SEM-EDX analyses of glass-hosted veins and patches are listed in Table 2 , and plotted in Fig. 3 . These alteration products are rich in Mg, Al, Si, and Fe, and their low analytical totals indicate the presence of water/OH. Veins within adjacent olivine grains have higher concentrations of Si and Mg, and lower concentrations of Al and Fe. The one augite-hosted vein that was sufficiently large to chemically analyze is depleted relative to alteration products within the glass with respect to Al and Fe, and is enriched in Mg and Ca (Table 2) .
TEM images of foils that were extracted from two of the patches of alteration products in the BM1911 melt inclusion (Figs. 1b and 1c) show that they contain equant and lath-shaped crystals in a very fine-grained groundmass (Fig. 4a) . The equant crystals are a few Fig. 2 . BSE images of the BM1913 melt inclusion, which contains augite (A), glass (Gl), and alteration products. a) The whole melt inclusion. It comprises a crystal of augite and a meniscus of glass, and is enclosed by olivine (Ol). Veins of alteration products (Alt) occur in the augite, olivine, and glass. Glass also contains crystals of apatite (arrowed). b) The left-hand edge of the glass meniscus, which contains three alteration product veins, labeled V1, V2, V3. c) The interface between glass and augite that is decorated by three patches of alteration products (arrowed). Each patch is connected to a very narrow vein in the augite, as is vein V2. d) The interior of the largest of the glass-hosted veins (V4), which is seen in (a) toward the right-hand side of the meniscus. Its constituents comprise radiating arrays of laths in a lower Z groundmass.
hundred nanometers in size. SAED patterns and ATEM data identify them as an aluminous clinopyroxene (En 38-48 Fs 49-59 Wo 3 ) ( Table 3 ). The laths are~1 lm length by~0.3 lm in width. SAED patterns and lattice fringe images show that they have a~0.7 nm basal layer spacing that is consistent with a serpentine group mineral (Fig. 4b) . ATEM data from these laths reveal an Al-Fe silicate composition ( Fig. 3 ). This serpentine is compositionally very similar to iron-rich chlorite (Brindley 1982) , but the two minerals can be distinguished by electron (and X-ray) diffraction by their basal layer spacings of 0.7 nm and 1.4 nm, respectively (Brindley 1982) . The BM1911 laths have higher atomic Fe/Al and Fe/Si ratios than most of the analyses of terrestrial berthierine in Brindley (1982) , and their Al/Si values are at the lower end of the range (Table 4, Fig. 3 4 , and this possibility is supported by the fact that ATEM analyses plot on a line between the two serpentine minerals (Fig. 3) .
The only constituents of the groundmass that could be identified by TEM imaging were fine fibers, some of which radiate from the laths and so appear to have used them as a substrate for growth (Figs. 4a and 4c) . Individual crystals are too small for their d-spacings to be measured by SAED, but high-resolution imaging shows that they have~0.7 nm lattice fringes, which is again consistent with serpentine (Fig. 4d) . SAED patterns that were obtained from the groundmass as a whole contain diffuse rings, the three most intense of which have d-spacings of 0.437, 0.254, and 0.150 nm (Fig. 4a) . These patterns indicate that the groundmass contains randomly oriented nanocrystals. ATEM analyses of the groundmass have lower Al/Si and Fe/Si values than the berthierine laths (Table 4, Fig. 3 ).
DISCUSSION Evidence for Aqueous Alteration of Melt Inclusion Glass
The petrographic context of the veins and patches of alteration products within melt inclusions is consistent with their formation by water-mediated replacement of glass. This origin is revealed most clearly by the four patches in BM1913, each of which is located where an augite-hosted vein meets the glass meniscus (Fig. 2b) . The presence of hairline fractures in augite immediately adjacent to the three alteration product patches in the BM1911 melt inclusion is likewise consistent with aqueous solutions having gained access Components of the BM1911 and BM1913 melt inclusions are plotted using white and gray symbols. Also shown is stoichiometric berthierine, kaolinite, greenalite, and odinite (black squares). Analyses of terrestrial berthierine in Brindley (1982) are plotted using black squares with a white cross. ATEM analyses of the BM1911 laths plot along the line between stoichiometric berthierine and greenalite.
to the glass via narrow channels in enclosing mineral grains. Equant crystals of clinopyroxene that occur in the BM1911 alteration products are interpreted to have originally been daughter crystals within the glass that were preserved intact during aqueous alteration (i.e., under the ambient physico-chemical conditions, clinopyroxene was less susceptible to replacement than glass). The bulbous and hemispherical shapes of alteration product patches suggest that they grew by radial expansion of a replacement front from the veinglass contact. Similar microstructures characterize palagonite, which is a clay-rich product of the aqueous alteration of terrestrial volcanic glass (e.g., Stronick and Schmincke 2002) . In contrast to the patches, veins that cross-cut BM1913 glass cannot have formed by a replacement front expanding radially outwards from a discrete point. These veins are more likely to have been produced by replacement of the walls of fractures within the glass that were continuous with fractures in augite and olivine grains.
Alteration products were described from within Nakhla polymineralic (vitrophyric) melt inclusions by Goodrich et al. (2013) . Their chemical composition is quite similar to that of olivine-hosted veins in BM1913 (Table 2) , and Goodrich et al. (2013) concluded that the alteration products had formed at the expense of feldspar, pyroxene, and glass. They also noted of the alteration products that they sometimes appear "to have been intruded into the inclusions from veins in the surrounding olivine" (Goodrich et al. 2013 (Goodrich et al. , p. 2378 . Thus, we conclude that both the vitrophyric and monocrystalline melt inclusion were altered in a similar manner, namely by replacement mediated by liquid water that gained access to the glass via fractures in surrounding silicate mineral grains.
Conditions Promoting Berthierine Formation
The crystallographic and chemical properties of the laths that have formed by aqueous alteration of BM1911 glass are consistent with berthierine. Their depletion in Al and enrichment in Fe relative to the ideal composition of berthierine and terrestrial occurrences (Brindley 1982 ) are most likely due to interstratification with the Fe-serpentine mineral greenalite. Assuming that serpentine fibers in the groundmass are similar in chemical composition to the laths, ATEM results from the groundmass as a whole suggest that the fibers are contained within a material that is richer in Si than serpentine. The Si-rich material is proposed to be opaline silica given that opal-A is the main constituent of Nakhla olivinehosted veins (Lee et al. 2015a ). The inferred presence of opal-A is consistent with the composition of glass alteration products as determined by SEM-EDX. The interaction volume of these analyses will have encompassed both laths and groundmass, and accordingly in a Si-Al-Fe ternary diagram the alteration products plot between olivine-hosted veins (which contain opal-A) and berthierine (Fig. 3) . Opal-A particles were not observed in the groundmass, but this is probably because this study did not use the appropriate imaging techniques (i.e., high-resolution scanning TEM imaging coupled with X-ray and electron spectroscopy; Lee et al. 2015a ). Thus, we conclude that aqueous alteration of melt inclusion glass produced berthierine and opaline silica.
As the Nakhla melt inclusions contain a precursor phase (glass) and its replacement products (opal-A and berthierine), the mobility of cations during alteration can be tracked using the SEM-EDX data. Relative to Si, Mg and Fe were imported into the glass and Na and K were exported. By contrast, the mean Al/Si ratios (atomic) of glass and its alteration products are similar (BM1911 = 0.36 and 0.41, respectively; BM1913 = 0.32 and 0.34, respectively). Magnesium and Fe are interpreted to have been sourced from olivine, and Lee et al. (2013 Lee et al. ( , 2015a found good evidence in Nakhla for congruent dissolution of this mineral. The sink for alkali elements that were exported from the glass was probably the olivine-hosted veins, which contain an average of 0.87 wt% Na 2 O and 1.05 wt% K 2 O (Table 2) . Lee et al. (2015a) suggested that alkali elements in the olivine-hosted veins had been sourced from the dissolution of mesostasis plagioclase feldspar, and so the present study demonstrates that Na and K were also derived from melt inclusion glass. The retention of Al in the glass alteration products suggests that the solutions were circumneutral (Al is least soluble at pH~5-9; Hurowitz et al. 2006) , and the import of Fe indicates reducing conditions. These conclusions are commensurate with the stability of berthierine in pE-pH space (i.e., pE~10 to À15 and pH ≥~7; Chevrier et al. 2007) . The presence of opal-A in the groundmass is also consistent with circumneutral solutions since the solubility of silica is very low below pH8 (Alexander et al. 1954) . As berthierine transforms to chlorite at temperatures in excess of~70°C (Hornibrook and Longstaffe 1996) , Nakhla must have remained at a relatively low temperature following serpentinization, and this conclusion is consistent with the preservation of opal-A. It is unlikely that berthierine laths and the opal-A formed simultaneously, but their relative timing of precipitation is difficult to determine from the petrographic evidence alone.
The Environment of Water/Rock Interaction
Berthierine is a new addition to the suite of secondary hydrous silicates that have been described from Nakhla (Table 5) , most of which occur in the olivine-hosted veins. Chatzitheodoridis et al. (2014) documented iron-rich saponite that had formed as a rind around a vesicle in mesostasis glass, and so the petrographic context of this mineral is similar to that of berthierine.
Two styles of water/rock interaction could account for the diversity of secondary silicates in Nakhla (1) the introduction of multiple generations of solutions of differing chemical composition, possibly over an extended period of time, or (2) the presence of chemically distinct microenvironments reflecting local (i.e., sub-millimeter length scale) variations of solution compositions in a system with low water/rock ratios.
Results presented here are more consistent with the second scenario, although solution chemistry could also have varied over time at any one site, as was proposed by Chatzitheodoridis et al. (2014) to account for growth of a multilayered saponite ovoid. The clearest petrographic evidence for spatial partitioning of fluid compositions (i.e., chemical microenvironments) is that berthierine occurs only in the parts of veins that crosscut melt inclusion glass (i.e., berthierine is absent from augite-and olivine-hosted veins). Indeed there has been only one, tentative, description of serpentine from olivine-hosted veins in Nakhla despite the considerable amount of TEM work that been undertaken on them (e.g., Ashworth and Hutchison 1975; Gooding et al. 1991; Treiman and Gooding 1991; Changela and Bridges 2011; Lee et al. 2013 Lee et al. , 2015a (Table 5 ). The control on the chemical composition and mineralogy of alteration products (i.e., berthierine) by their host phase (i.e., glass) is consistent with their formation by interface-coupled dissolution-precipitation, as described Brindley (1982) . The data are also plotted in Fig. 3 . d.l. = below detection limits; n.a. = not analyzed; -= not applicable. Treiman and Gooding (1991) , the present study Smectite (including saponite) Wentworth and Gooding (1990) , Gooding et al. (1991) , Treiman and Gooding (1991) , Bridges and Grady (2000) , Lee et al. (2013) , Chatzitheodoridis et al. (2014) above. A close correspondence between the chemical composition of alteration products and their host phase has also been described from the Lafayette meteorite (Treiman 1993; Hicks et al. 2014; Lee et al. 2015b) , thus indicating that physico-chemical conditions were similar within the nakhlite parent rock(s). In addition to hydrous silicates, Nakhla contains carbonates (Carr et al. 1985; Chatzitheodoridis and Turner 1990) , Fe-oxyhydroxides (Treiman and Gooding 1991) , gypsum, and halite (Chatzitheodoridis and Turner 1990; Gooding et al. 1991) . Petrographic evidence shows that the carbonates are formed following the introduction of CO 2 -charged groundwaters and by replacement of olivine-hosted veins (Lee et al. 2015a) . A proportion of the Feoxyhydroxides were produced by oxidation of carbonate, which could have taken place before or after Nakhla fell to Earth (Lee et al. 2015a ). Gypsum and halite indicate the presence of saline solutions, although it is possible that the sulfates could have formed by terrestrial weathering before and/or during museum curation .
Other Descriptions of Serpentine and Al-Rich Phyllosilicates in the Martian Crust
Serpentine occurs in several nakhlite meteorites in addition to Nakhla. This phyllosilicate was proposed as a possible constituent of olivine-hosted veins from Miller Range 03346 (Imae and Ikeda 2007) , and the presence of serpentine was confirmed by Noguchi et al. (2009) in a TEM study of Yamato 000593 and 000749. Changela and Bridges (2011) and Hicks et al. (2014) subsequently described serpentine from the mesostasis of Lafayette; Changela and Bridges (2011) suggested that it may be berthierine, whereas the later study concluded that this mineral was a Fe-serpentine.
The Al-rich phyllosilicates chlorite, kaolinite, and montomorillonite have been described from a few localities on Mars using orbital remote sensing Wray et al. 2008 ). Those minerals found by Wray et al. (2008) occur in discrete layers within the stratigraphy of Mawrth Vallis, and the Alrich clays are interpreted to have formed by alteration of volcanic glass within pyroclastic deposits. Ehlmann et al. (2010) sought chamosite and berthierine using data from CRISM on the Mars Reconnaissance Orbiter but were unable to detect either mineral. They did, however, find that Mg-serpentine occurs in several Noachian terranes of southern highlands where it is inferred to have formed by the hydrothermal alteration of ultramafic rocks. Results of this study confirm that water-mediated alteration of igneous glass can produce Al-rich phyllosilicates, although the berthierine occurs in Nakhla in such small quantities as to be undetectable by orbital spectroscopy.
